Introduction
The "Arctic" region, where the Arctic Ocean surrounds the North Pole, has been affected by environmental variation of the Earth in both short and long terms of time scale. As an example of the short term variation, the global warming currently in progress is the most significant phenomena to influence a rapid change in the cryosphere (sea ice, ice sheet, ice shelves, ice caps, glaciers) in the Arctic (IPCC, 2007) . In contrast, a long term environmental variation during the Earth's history has been affecting the deformation of solid Earth underneath the cryosphere. The different variations of the surface environments in space and time can be measured and investigated using seismological and geological approaches. However, the seismological phenomenon attributed by seismicity, structure of the Earth and its dynamics in the Arctic have not fully revealed during last few decades. Therefore, when monitoring these parameters for long terms with a sustainable procedure, an understanding of both the tectonic evolution of the Earth and the dynamic interaction among the cryosphereegeosphere system is expected to be revealed.
Regarding seismicity and structure in the Arctic, the largest continent of the Earth; the "Eurasia" is the most significant factor involving global tectonics during Earth's history in terms of amalgamation and disposal of super-continents (Fig. 1) . The continent is characterized by a complex composition with various crustal provinces in ages from the Archean to Phanerozoic (Maruyama et al., 2007; Pisarevsky et al., 2008) . These tectonic terrains have grown their areas with mutual interaction, evolving from several nucleuses of the Precambrian cratons, followed by adjacent mobile belts, recent subductions, the rift systems and other tectonic active areas. An increase of knowledge on seismicity and tectonics in the Arctic region could give rise to a better understanding of the evolutional process of the Earth, viewed from high northern latitude. Identification of the growth process, formation mechanism of the super-continents and super-plumes have significance in the effort to learn more about the structure and dynamics of deep interior, as well as the interaction between the mantle-core system and the surface layers of the Earth.
A justification of the development of seismic networks in the Arctic with respect to both the unique aspects of seismology in a polar region and general issues that would be common to global Earth sciences; for example: lithospheric dynamics in an icecovered environment; how lithospheric processes drive and may be driven by global environmental change (sea level, climate); the scale and nature of rifting as a process that has shaped a continent and dominated its evolution; the role of Antarctica as the keystone in the supercontinent formation and break-up throughout Earth's history; how the tectonic and thermal structure of the Antarctic lithosphere affect current ice sheet dynamics; age, growth, and evolution of the continent and processes that have shaped the lithosphere; the effect of improved seismic coverage on global models of the lithosphere, mantle, and core.
The International Polar Year (2007e2008) was a great opportunity to fulfill the Arctic seismic deployment in an attempt to achieve these targets (Rapley et al., 2004) . During the IPY, many internationally collaborating geo-scientific projects were conducted in the polar regions, such as the Polar Earth Observing Network (POLENET) and the Antarctica's Gamburtsev Province (AGAP) (Wilson and Bell, 2011) . These inter-disciplinary projects aimed to monitor the present status of environmental variations of the Earth, as viewed from polar regions, and simulating future activities of human beings. In the Arctic and Antarctic, development of seismic networks was achieved to study the interior of the Earth, dynamics and seismicity in polar regions.
In this paper, the seismicity and structure of the Arctic region, in particular focused on the largest continent of the Earth; the Eurasia and surrounding oceans, are demonstrated associated with the relationship to their regional evolution during Earth's history. The target areas cover several tectonic provinces of the Eurasian Arctic, such as the broad areas of Siberia, Baikal Rift Zone, Far East Russia, Arctic Ocean as well as Greenland and northern Canada. Seismic evidence is summarized with regard to the characteristics of seismicity, heterogeneous structure of the crust and upper mantle, tectonic history and recent dynamic features of the Earth's surface in the Arctic. The paper aims to demonstrate and reevaluate the relationship between the causes and effects in terms of seismicity and geodynamic processes in the Arctic, as well as how these investigations may fruitfully are influencing on the present surface ongoing dynamics of the Earth among global environmental variability.
Eurasian Arctic
The present structure and past evolution of the lithosphere in the Eurasian Arctic, where the majority of areas belong to Russian Federation, provide unique information on the process of amalgamation and separation of the past super-continents (Maruyama et al., 2007) . The current status on lithospheric environment, moreover, gives rise to a unique aspect on the formation process of super-continent in future. The largest continental block on the present Earth, Eurasia, has been formed by assembly of several subcontinental blocks including Asia, India and Europe. The continent is also considered to be the nucleus of a future super-continent, which is expected to be formed about 250 myr after the present (Rosen, 2003; Maruyama et al., 2007; Pisarevsky et al., 2008) . In this Chapter, several topics on lithospheric structure and evolution are demonstrated on the basis of recent studies of northern Eurasia, in particular focused on Siberia in the Russian Arctic.
Characteristic features of the Eurasian continent are attributed by the existence of various tectonic provinces over time from the Archean to Phanerozoic (Fig. 1) . These tectonic terrains have been evolved from the nucleus of Precambrian cratons (Pisarevsky et al., 2008) , followed by interaction with adjacent Proterozoic mobile belts (orogens), Mesozoic and Cenozoic terrains, the recent subduction, rifts and lithospheric deformed areas (Nokleberg et al., 2001) . A remarkable growth processes in some terrains was revealed. For example, crustal structure of the Ural Mountains represents the frozen architecture of the paleo conversion tectonics inside the present lithosphere (Suvorov et al., 1997 Brown et al., 2006; Rybalka et al., 2007) . Nikishin et al. (2010) discussed about the tectonic evolution of the Siberian Platform during the Vendian and Phanerozoic, to the present time evolution of the Siberian paleo-continent with the Siberian Craton making up its nucleus. They showed that the paleo-continent underwent significant intra-plate compression deformations with vertical movements and formation of inversion structural features within broad areas.
Seismicity of northern Eurasia and the surrounding area is found to be concentrated along the subduction zones in Western Pacific Ocean, with connection towards the inland high mountains such as the Himalaya (Figs. 1 and 2) . The other tectonic regions hold relatively low seismicity, in distribution across large areas of the inland Figure 1 . Distribution of tectonic provinces, seismicity and volcanoes in Eurasian continent and surrounding regions (after database of Cornell University; the world geology map, seismicity is after the International Seismological Centre (ISC), 2011). Tectonic provinces are classified as follows: Pre-Cambrian (brown; Archaean, gray; Proterozoic), Paleozoic (orange), Mesozoic (green), Cenozoic (yellow).
plateau, in particular at the Baikal Rift Zone, Tibetan Plateau and northeastern China. The volcanic activities also indicate small volumes over the whole Eurasian continent, at similar locations with seismicity in wide areas inland near the Baikal Lake and central mountains such as Altai, Tianshan and Kunlun. Surface wave tomography images show a cross-section of the upper mantle over a whole continent, with clear contrast between cold mantle regions such as the Siberian cratons and relatively hot mantle areas at the subduction zones in the western Pacific (Ritzwoller and Levshin, 1998; Yanovskaya and Kozhevnikov, 2003) .
The northern part of the Eurasian Plate, with its center in the great "Siberia", connects with adjacent plates at the eastern edge; North American Plate which also contains the Far East of Russia, Okhotsk micro-Plate including Kamchatka Peninsula (Fujita, 1978; Parfenov and Natal'in, 1986; Fujita et al., 1990; Nokleberg et al., 2001, Fig. 2) . At the plate boundary, which continues from the Arctic Ocean between the Eurasian and the North American plates, there is micro-seismicity associated with extensional stress between the two plates mentioned above. In contrast, the Okhotsk micro-Plate is characterized by high seismicity and intra-plate deformation involving compression stress by both the Eurasia and North American plates (Imaev et al., 2000) . Moreover, high seismic regions are identified along the plate boundary between the Amur micro-Plate and Eurasian Plate (Siberian Craton), which is occupied by Stanovoy and Yablonovy Mountains, and extends to the Baikal Lake having relative EeW movement between the two plates (Mackey et al., 2010) . Lake Baikal is characterized by a striking rift zone, in spite of its location exactly in the middle of huge Eurasian continent. A detailed explanation of the existence of the Baikal Rift is given in next Chapter.
Specific seismic and volcanic activities are identified within the Arctic of the Eurasia. The recent development of field surveys, laboratory measurements for supra-crustal rocks, satellite geodetic measurements such as GPS, together with the remarkable advance in computer sciences have greatly improved the knowledge of ongoing lithospheric activity and deformation processes. The dynamics and strength of the continental lithosphere are compiled based on the data from seismic anisotropy, gravity studies, geological drillings and modeling simulation (Sherman and Lunina, 2001) . The stress distribution compiled in elastic lithosphere indicates the complex features of a combination of the compression, shearing and extension regimes of each tectonic province.
In central and southern parts of Eurasia, the predominant direction in NeS compression is identified. Conversely, the northern part of the Eurasia including the Siberian craton and the western Siberian Basin is tectonically stable attributed by small stress distribution. Moreover, EeW compression is found at the Ural Mountains which is located between two adjacent Pre-Cambrian cratons (Brown et al., 2006) . In the area from Baikal Rift to Tibetan Plateau, sporadic distribution of shearing, an extension stress field is recognized inside the wider area of compression field. The feature is explained by the local deformation inside the Eurasian continent associated with relative motion against the Amur microPlate. Heterogeneous structure of temperature within the upper mantle might be involved. In order to explain the local concentration of extensional stress in the inland continent, two ideas are presented (Logatchev et al., 1983) : one is the far-field passive force involving the collision between India and Asia (Petit et al., 1997) , in contrast, the second is the active force mechanism involved in the upwelling of hot plumes from the upper mantle beneath Baikal Rift (Gao et al., 1994) .
Remarkable features in deeper parts of the crust and topmost mantle are identified beneath the northern Siberian craton, Yakutia region, by deep seismic surveys with active sources (Suvorov et al., 1997 (Suvorov et al., , 1999 . The depth and velocity variations are found in the inner crustal structural boundaries (basement topography, the Conrad discontinuity), characterized by high correlation between these boundaries. The Moho discontinuity, moreover, has large velocity variations in 7.7e9.0 km/s, with thickened crust particularly found in the kimberlite province, Western Yakutia (Suvorov et al., 1999) . Such velocity changes may be due to the variations in the material composition of the upper mantle rocks or anisotropy (Kobussen et al., 2006) . The remarkable crustal structure in ages from Paleozoic to Mesozoic in northeastern Yakutia region (Kolyma-Omolon super-terrain) is quite different from other Pre-Cambrian terrains distributed globally. They are connected with subduction and accretion between Asia and Kolyma-Omolon terrains (Layer et al., 2001) .
Regarding the deeper part of the upper mantle, in addition, many long-range seismic profiles were carried out in the mainland of Russian by using Peaceful Nuclear Explosion (PNE). Heterogeneous structure of the upper mantle beneath a large area of Siberia was obtained, with identification of major mantle seismic discontinuities at depths of 410, 520 and 680 km, respectively (Thybo and Perchuc, 1997; Pavlenkova, 2007) . The QUARTZ profile, some 3850 km in length, demonstrates the existence of failed rift systems, and the delaminated "tectosphere" in the upper mantle beneath the West Siberian Basin, involving thermal disturbance at 410 km discontinuity (Morozova et al., 1999) . However, in models with lateral heterogeneities, priority over the layering is identified as a connection between velocity anomalies in the upper mantle and large basement structures (Suvorov et al., 2010 (Suvorov et al., , 2013 . A thermal fluctuation beneath the Siberian platform has also been revealed by deep sounding using PNE sources. Partially molten and delaminated lithosphere was identified beneath the western Siberian Basin, and a depression of 410 km seismic discontinuity was detected and associated with high geotherms on the surface of the Basin (Cherepanova et al., 2013; Kuskov et al., 2014) .
Baikal Rift Zone
The Baikal Rift Zone (BRZ), located in southern part of Siberian craton, is adjacent to large orogenic mobile belts (Sharyzhalgay, Sayan-Baikal, and Mongol-Okhotsk sutures) of PaleozoiceMesozoic ages, together with the MongoliaeNorth China craton to the south (Gordienko, 2006) . The BRZ is situated almost central portion of the Eurasia continent, where is far from subduction zones in western Pacific, along with Tibet-Himalaya orogenic belts (Fig. 2) . The BRZ has tectonic characteristics of typical rift systems under extensional regime with higher heat flows compared with surrounding areas (Golubev, 2000; Poort and Klerkx, 2004) . These tectonic features are considered to be involved in the Cenozoic volcanic activities and also the currently observable seismicity in vicinity of BRZ (Sherman and Gladkov, 1999; Radziminovich et al., 2013, Fig. 3) .
The BRZ has been considered to be formed in Cenozoic ages by both the source factors of active and passive origins. A crustal extension regime associated with underlying mantle plumes was suggested as the active origin (Zorin et al., 1989; Gao et al., 1994) . On the contrary, extensional stress related with the India-Eurasia continental collision was supposed to be the candidate for tectonic passive source (Petit et al., 1997) . A formation scheme of the BRZ, as pointed out by Zorin et al. (2003) , can be controlled by three factors: that is, (1) mantle plumes, (2) older (pre-rift) linear lithosphere structures positioned relative to the plumes, and (3) favorable orientation of far-field forces.
Crustal thickness beneath BRZ was investigated down to 40e43 km in depths from active source surveys (Puzirev et al., 1979; Song et al., 1996; and only in the south-western flank (beneath Tunka depression) the Moho drops to 45e47 km . The result is almost contradictory to the thin-skinned crustal structure generally understood to form rift systems. Why has the thick crust been created? The receiver function analysis by Gao et al. (2004) determined the Moho depth about 35 km, however, only beneath one of the temporary stations, located in central Lake Baikal. Thybo and Nielsen (2009) found a magmatic intrusion in the lower crust, which could compensate the Moho uplift, but it is contrary to the distribution of the heat flow (Poort and Klerkx, 2004; Golubev, 2009 ). The thick crust in BRZ is also supported by a combined interpretation of the crustal section derived from both geophysical and Figure 3 . Seismicity of the Baikal Rift Zone (BRZ). Hypocenters are determined by the regional network of the Russian Academy of Science (RAS). Station names are: "Maksimikha (MAXI)" in the middle, "Orlik (ORLI)" in East Sayan and "Nizhneangarsk (NIZG)" in the north of BRZ. geological information (Zorin et al., 2002) . However, the uppermost mantle of BRZ was discovered to be a layer with abnormally low velocities of 7.6e7.9 km/s and a thickness almost 20 km (Puzirev et al., 1979; Song et al., 1996) , where north-western boundary of this layer was determined along the northwest shore of Lake Baikal. In addition, observations of bottom stations in the northern part of Lake Baikal, such an anomaly beneath the Moho (at the depth 40 km) was not detected (ten Brink and Taylor, 2002) . Several large tectonic sutures and pre-Cenozoic thrusts are believed to be the result of past collision processes between Siberian Platform and MongoliaeNorth China continent (Sharyzhalgay, Sayan-Baikal, and Mongol-Okhotsk sutures) (Gordienko, 2006) .
Rayleigh waves' tomography and gravity anomalies image that the top of mantle plumes exist in the upper mantle beneath BRZ (Zorin et al., 2003) . The teleseismic shear wave splitting analysis demonstrates a disturbance of anisotropy in the upper mantle, suggesting effects from hot mantle plumes (Gao et al., 1994) . On the basis of depth variations in crustal thickness derived by deep seismic surveys, only 40% isostatic equivalence can be compensated. The resultant 60% isostasy has to be considered the effect from heterogeneity of density in wider areas of the upper mantle. In order to investigate the deep structure of BRZ, several tectonic factors should be taken into account; these are, the shapes of mantle plume, cratonic crustal structure before the formation of the rift, distance from the mantle plume, and an orientation of farfield forces against the collision direction between Indian -Himalaya continental blocks (Zorin et al., 2003) .
By utilizing teleseismic waveforms recorded at temporary and permanent stations, velocity structure in the crust and uppermost mantle beneath BRZ was obtained from the analysis of receiver functions and shear wave splitting (Gao et al., 1994; Kanao et al., 2005; Zhao et al., 2006; Ananyin et al., 2009) . In next few sentences, major results from receiver functions (Ananyin et al., 2009 ) are summarized. Velocity models down to the depth of 65 km are imaged based on the records collections while two years in 2004e2006 from the broadband seismic station "Maksimikha (MAXI)" in the middle of BRZ, at "Orlik (ORLI)" in East Sayan region and at "Nizhneangarsk (NIZG)" on north of BRZ, respectively (Fig. 3) . The velocity structure has been inversely modeled by a reliable receiver function P-to-S method which efficiently uses the most informative S-waves in the code of the P-waves.
Due to the different conditions in the formation of deep structure beneath the stations, all the models differ considerably from each other. The models, which enable to design the seismic velocities beneath the northern and central parts of BRZ, are the most interesting. The models of the crust and the upper mantle obtained from ORLI are rather complex: the high-velocity layers alternate with those of low-velocity that is expected for the zone where the ancient Siberian platform and the Central Asian folded belt meet. Deployments of broadband observations around BRZ enable us to obtain more accurate velocity models of the lithosphere beneath the center and flanks of the zone. Long-term observations are most valuable because a large quantity of the seismic events, from all parts of the Earth, allow us to investigate the velocity structure in the different directions from the stations, which is important for such tectonically complex regions as the BRZ.
Far East Asia
The characteristic tectonic features of the crust and upper mantle around the Magadan-Kolyma region, Far East Asia, in the Russia Federation, are summarized in this Chapter by the data from deep seismic explorations and seismicity in the area (Fig. 2) . The continental crust of the Far East, located further eastward from the great "Siberia" in the middle of Eurasia, was formed by the amalgamation process in the Mesozoic period by a number of small continental blocks. The eastern edge of Eurasian Plate, including the Siberian craton and the Kolyma-Verkhoyansk folded belt, is mainly connected to two plates: the first is the North American Plate, containing Chukotsk Peninsula, Kolyma Platform and Chersky Mountains; the second is the Okhotsk micro-Plate, including Magadan region, Okhotsk Sea and Kamchatka Peninsula, respectively (Fig. 4) .
The plate tectonics of the area from the Verkhoyansk ranges to the Chukotsk Mountains represent a complex feature. At the plate boundary between the Eurasian (Asian) and North American plates (that contains Chukotsk Peninsula), seismicity associated with compression stress toward the south (into the Okhotsk microPlate) between the two plates is recorded (Fujita, 1978; Fujita et al., 1990; Mackey et al., 1998; Imaev et al., 2000) . In contrast, the coastal area of the Far East, along the Arctic Ocean, is characterized by the occurrence of high seismicity involving NEeSW extension stress at the boundary between the Eurasian and North American plates. The plate boundary and high seismic area continue into the Arctic Ocean and is as a result of a high heat flow. Moreover, from seismic travel-time inversion analysis, the crustal thickness is determined as 20e30 km (Mackey et al., 1998) . The thickness is smaller than the adjacent area, therefore, the plate boundary appears to have the features of a rift-like structure. Towards the southern and inland direction from the Far East into the Eurasia continent, highly seismic regions are located along the plate boundary between the Amur micro-Plate and Eurasian Plate (Siberian Craton). The boundary continues to the Stanovoy and Yablonovy Mountains, and then extends to BRZ. The seismic activity might associate with the EW relative movement between the above two plates.
Deep seismic explorations around the Magadan-Kolyma region started in the 2001 summer season to investigate the detailed crustal structure and the relationship with conversion tectonics of Kolyma PlatformeChukotsk Peninsula (Ronin and Lebedkin, 2007; Surkov et al., 2007) . The total seismic profiles are approximately 2000 km in length, dividing into several short profiles conducted within a few years of summer seasons. The southern end of the profile starts at the margin of Okhotsk Sea (Magadan), extending into Kolyma Platform, Chukotsk Mountains, Chukotsk Sea, and terminate at Wrangel Island. The profile crossed the plate boundary between Okhotsk Plate (to the south) and North America Plate (to the north). The scientific purpose of the exploration was to define the present crustal velocity structure in order to get a better understanding of the formation of Kolyma Platform-Chukotsk Peninsula region which were formed chiefly in Mesozoic age. One of the main targets was to find the 'crustal roots' of the complicated system in these geological terrains and micro-continents. In the area, Mesozoic collision structures (not only in mountain area) are disposed. The near-vertical reflection data obtained represent the clear difference between the fragments of older platforms and younger fold belts of the Far East.
In western part of Chukotsk Peninsula, there is a triple junction between the Eurasia Plate and the other two plates as mentioned already. In the southern part of the seismic profiles, the Okhotsk Plate has been in undergoing deformation as a result of the convergence tectonics between North American and Eurasian plates. On the other hand, the northern part of the boundary between the North American and Eurasian plates has an extensional regime caused by the Moma rift system, as well as the Kolyma River basin. From the regional seismic network of the Russian Academy of Science (RAS), high seismicity was observed around the southern part of the profile (Chersky seismic belt) in the Okhotsk microPlate. A lithospheric deformation and compression have formed a convergence of North American and Eurasian plates, and from which the relatively high seismicity originates (Fig. 4) . Crustal thickness derived from travel-time inversion by using local seismic events represents a variation in 36e40 km in southern half of the profile (Mackey et al., 1998) . Accordingly, it is significant to define the precise crustal structure of the Chukotsk area, involving the hypocentral distribution and an origin of local seismicity. A majority of strike-slip mechanisms for the seismic events occurring along the active faults were affected by the compression stress inside the Okhotsk micro-Plate (Riegel et al., 1993) . A seismic occurrence ratio in a day inside the plate could become 65% in maximum (Mackey et al., 2003) and is higher than that of the subduction zone beneath the Kamchatka Peninsula (35e65%) when disregarding the event magnitude.
If the assumption that the Bering Sea is just a single microPlate, zonal seismicity with EeW trending could be explained in wide areas from Chukotsk Mountains to Kamchatka Peninsula by an effect from subducting oceanic plates westward beneath the Chukotsk Peninsula. The seismic occurrence mechanisms, moreover, are dominated by the reverse faults involving the subduction of Bering Plate (Oceanic Slab) (Mackey et al., 1997; Imaev et al., 2000) . A remarkable study of the upper mantle beneath the Far East was conducted at the subduction zone of the Pacific Oceanic Plate, analogous to the continent-continent collision tectonics such as the India-Himalaya-Tibet. In the upper mantle beneath the Chukotsk Peninsula, in contrast, remnant subducted slabs of the ancient Kula Plate (northern past plate adjacent to Pacific Plate) are supposed to exist by local seismic tomography (Gorbatov et al., 1999 (Gorbatov et al., , 2000 . Moreover, the upper mantle structure of the marginal sea and subduction zones in northeastern Eurasia was also clearly imaged from Rayleigh wave regional tomography (Bourova et al., 2011) .
From the above evidence, as a whole, the Far East region has evolved as a result from accumulation of many small continental blocks after the Mesozoic age in Earth's history (Parfenov et al., 2009) . The boundary regions between these small terrains are considered to hold the remains of the evolutional process such as the evidence of "crustal root" and "suture zones" in deep crustal level (Ronin and Lebedkin, 2007; Surkov et al., 2007) . An understanding of the structure and tectonics of the wide areas from Siberia to Far East is expected to reveal the dynamic history process of the surface layer in Eurasian Arctic, as well as the other tasks for earthquake prediction and disaster prevention in East Asia, including Japanese island.
Arctic Ocean
Tectonic features of the Arctic Ocean and surrounding areas are summarized in this Chapter. The mid-ocean ridges in the Arctic Ocean, which are continued from the North Atlantic Ocean, are the boundary between Eurasia and the North American plates. The mid-Arctic ridges connect eastward to the Laptev Sea, Far East Asia, after passing through the eastern Siberian continent. The plate boundaries are generally known to be tectonically stable and low seismic activities. The Gakkel Ridge in the middle of Arctic Ocean is defined by its ultra-low spreading speed with less than 1 cm/y, together with the existence of small volcanic activities at the spreading sea-floor (Edwards et al., 2001) . A ship-based marine seismic survey combining reflection and refraction methods revealed the fine crustal structure across the Mendeleev Ridge from the Podvodnikov Basin to the Mendeleev Basin (Lebedeva-Ivanova et al., 2006 ). An evidence of continental crust was identified beneath the Mendeleev Ridge, which has been altered during the development of Arctic Basin and associated magmatism by comparison with information from ocean bottom sampling.
An integrated mapping of crustal thickness for entire areas in the Arctic Ocean was demonstrated by gravity inversion (Alvey et al., 2008) , by linking interpretation between plate reconstructions model of the high Arctic. The tectonic evolution of the Arctic since Pangea breakup is summarized by Shephard et al. (2013), with integrating constraints from surface geology and geophysics with mantle structure. The tectonic evolution of the circum-Arctic, including the northern Pacific, Siberian and North American margins, since the Jurassic has been punctuated by the opening and closing of ocean basins, the accretion of autochthonous and allochthonous terranes and associated deformation. Tectonic setting, structure and petroleum geology of the Siberian Arctic offshore sedimentary basins are reported by Drachev (2011) and Saltus et al. (2011) . They summarizes the results of geological and geophysical studies of the Siberian Arctic Shelf (Laptev, East Siberian and Chukchi seas), which is one of the largest continental shelves on Earth. The region consists of more than 20 significant sedimentary basins of variable age and genesis which are expected to bear significant undiscovered volumes of hydrocarbons.
Seismicity in the Arctic Ocean is discussed on the basis of hypocentral distribution by a newly developed "International Seismological Centre (ISC) location algorithm" (Bondár and Storchak, 2011; International Seismological Centre, 2011) (Fig. 5) . Hypocenters are more concentrated along the plate boundaries such as the mid-Atlantic Ridge to the Gakkel Ridge in the Arctic Ocean. The clustering seismicity, on the contrary, is identified at several spots inside both continents and oceans. Recently small earthquake activities at mid-oceanic ridges and transform faults in deep oceans were investigated by using the local network of hydrophone arrays (Dziak et al., 2009 ). The seismic events have not been detected by conventionally deployed onshore stations globally distributed. At the bottom of the Gakkel Ridge, moreover, small earthquakes are newly identified by combining recently developed local onshore networks installed by cooperation between Norway and Russia (Antonovskaya et al., 2014) .
Currently progressing global warming in particular striking in the Arctic has been enhancing the speed by which the sea-ice spreading area in the Arctic Ocean is diminished, followed by the advance of international trading cooperation as well as other economic activities in the surrounding areas of the Arctic. However, new international conflict, such as an investigation of the sea-floor embedded resources in the Arctic Ocean and surrounding continental margins. It is expected in future that the continuous monitoring of seismic activities occurring in the bottom of Arctic oceans could be developed by making accurate detection of arrival times and waveforms of seismic phases recorded by hydrophone data. The micro-seismic and volcanic activities, together with details of the crustal structure in deep oceans, would be made clearer using such data. It also encouraged the development of international collaborative initiatives in observing networks which aim to monitor the environmental variations in the Arctic Oceans. It is recommended to establish a tight connection with existing global networks such as the Arctic Ocean Observing System (AOOS) in the Global Ocean Observing System (GOOS); the Sustaining Arctic Observing Networks (SAON) involving the International Arctic Science Committee (IASC) of the International Council of Science (ICSU).
Greenland and Northern Canada
Although Greenland is the largest island in the world with its land area in 2,180,000 km 2 , the majority of the island is covered by ice sheet at most 3000 m in thickness. Greenland is dominated by crystalline crustal rocks of the Precambrian shield, formed during a succession of Archean and early Proterozoic orogenic events which stabilized as a part of the Laurentian shield about 1600 Ma (Brooks, 2008; Henriksen, 2008) . These outcrops are limited to coastal areas, therefore, current tectonic activities such as the occurrence of earthquakes and volcanoes are very few compared with other tectonically active regions. The marginal part of Greenland has been considered to be under extensional tectonic stress between the adjacent areas after mid-Mesozoic age. The crustal structure of southeast Greenland margin was derived from a joint seismic tomography by using refraction and reflection data (Korenaga et al., 2000) , giving the typical appearance of a passive margin. Recently, in addition, a detailed crustal structure of the GreenlandIceland Ridge was inferred from wide-angle seismic investigation (Reiche et al., 2011) . A transitional continent-ocean structure was clearly obtained at the passive margins as well. The crustal structure of Ellesmere Island, which is westward adjacent to Greenland, is imaged by broadband seismic deployments, giving a detailed extensional signature and geological evolution history (Stephenson et al., 2013) . Another active source surveys in the sedimentary basin and underlying crust have been carried out at the Ellesmere Island and the Greenland continental shelf towards the Lomonosov Ridge, in the Arctic Ocean (Jackson et al., 2010) . A regional variation in crustal thickness in Amerasia Basin and High Arctic was demonstrated by using seismic wave propagation of Lg and Sn phases (Chiu and Snyder, 2014) . A large variation in crustal thickness was revealed over the entire basins and ridges in the Arctic Ocean. From these surveys, consequently, regional structure and tectonic history of several low seismicity areas in the Arctic were defined. Precious datasets have been accumulating to explain the formation process of the Arctic Ocean as well as the surface environmental variations.
The structure of the crust and lithospheric mantle in the majority of parts of the tectonic terrains in Canada (Harrison et al., 2011) have been investigated by the deep seismic surveys of LITHOPROBE program (Clowes et al., 1999; Percival et al., 2012) . In the last few decades, many interesting features of the continental growth process, such as the delaminated lower crust and its subduction regimes into the mantle lithosphere, have been identified in Archean and Proterozoic terrains of the Canadian Shield ( growth process of the North American continent with its nuclei at the Hudson Bay region has been gradually delineated by the active source deep surveys by the LITHOPROBE.
From the compiled data of Natural Resources Canada (Fig. 6 ), stationary seismicity from northern to eastern part of Canada is described as follows. North to Eastern Canada is occupied by a stable continent inside the North American Plate and, as a consequence, presents relatively low earthquake activity. Lately, approximately 350 earthquakes in northern Canada have occurred each year. Of this number, perhaps 4 exceed magnitude 4, 30 exceed magnitude 3, and about 25 events are reported felt. The seismographic network of earthquakes Canada can detect all events exceeding magnitude 3 in eastern Canada and all events magnitude 2.5 or greater in densely populated areas. The causes of earthquakes in northerneeastern Canada are not well understood. Unlike plate boundary regions where the rate and size of seismic activity is directly correlated with plate interaction, the region is a part of the stable interior of the North American Plate. Seismic activity in areas like these seems to be related to the regional stress fields such as the deglaciation as mentioned the details in next paragraph, attributed by the earthquakes concentrating on the spots in crustal weakness.
Several specified regions in the Arctic, such as at the margins of Greenland, northern Canada (Fig. 6) surrounding the Hudson Bay, as well as the rims of Baltic shield (Fennoscandia), have been identified as the places where the thick ice sheet covered in the northern hemisphere. In these areas, seismicity involving "Post Glacial Rebound" has been reported after deglaciation (Anderson, 1986; Chung, 2002; Wilson and Bell, 2011; Kozlovskaaya, 2013) . The earthquake events relating to deglaciation are known to be generated at the continental margins where the thick ice sheet was overlaid. Moreover, ice-quakes involving the calving of glaciers and ice sheet dynamics occur at similar places in marginal parts of ice covered continents. This kind of ice related events are known to be connected to recent global warming and is particularly evident in the Arctic.
One remarkable example is the strong earthquake reaching 6.1 on Richter scale that hit the Svalbard Island on 21 February 2008 (Pirli et al., 2010) . The epicenter was located in Storfjorden area, 10 km under the sea bed and 136 km from Longyearbyen city. Several smaller shakes were also registered both before and after the main event took place. There had been no damage caused in Longyearbyen before the occurrence of the earthquake. The earthquake was recorded by all regional seismometers as well as by many other stations around the world. The previous strong earthquake took place on 18th January 1976 and had a magnitude of 5.5. The hypocenter of this event was located on the margin of the European continental crust, and therefore, the events are plausibly associated with the crustal uplift after deglaciation. Alternatively, these large events could relate to the ice-mass movement or calving of glaciers in the vicinity of Svalbard, however, the mechanisms consistent with a double-couple, in which case the glacier motion seems less likely.
The Greenland ice-sheet and its response to climate change has potentially a great impact upon mankind, both through sea-level rise and modulation of fresh water input to the oceans. Monitoring the dynamic response of the Greenland ice-sheet to climate change is a fundamental component of long-term observations in global Earth science. In Greenland, the largest outlet glaciers draining the northern hemisphere's major ice cap have suffered rapid and dramatic changes during the last decade. They have lost kilometers of ice at their calving fronts, thinned by 15% or more in Figure 6 . Seismicity in Canada and surrounding areas in the Arctic for the last one year from present in 2014 February, based on the compiled data at Natural Resources Canada. their lower reaches, accelerated by factors of 1.5 (Howat et al., 2005; Rignot and Kanagaratnam, 2006) , and generated increasing numbers of glacial earthquakes (Ekström et al., 2003 (Ekström et al., , 2006 Nettles and Ekström, 2010) . The "Glacial earthquakes" have been observed along the continental margins of Greenland (Fig. 7) with strong seasonality and increasing frequency in this 21st century by the data from Global Seismographic Network (GSN; Butler and Anderson, 2008) . During the period of 1993e2006, more than 200 glacial earthquakes were detected, and 95% have occurred at Greenland, with the remaining events in Alaska and Antarctica .
Although the glacial earthquakes in Greenland are considered to be closely associated with major outlet glaciers at the margins of the continental ice-sheet, tectonic earthquakes are rare, and in some extent explain the paucity of permanent seismic instrumentation in Greenland. Examples of such changes are the increase in frequency of glacial earthquakes in 2001e2005, and spatial variation in glacial earthquake activity, including the recent initiation of glacial earthquake activity at high latitudes on the west coast of Greenland (Ekström et al., 2006; Veitch and Nettles, 2012) . The seasonal patterns of glacial events are positively correlated with hydrologic variations, significantly increased flow speeds, calving-front retreat, and thinning at many outlet glaciers. These long-period surface waves generated by glacial earthquakes are incompatible with standard earthquake models for tectonic stress release, but the amplitude and phase of the radiated waves can be explained by a landslide source model. Seismicity around Greenland including tectonic or volcanic events was investigated by applying a statistical model to the globally accumulated data. Calculated b values, the Magnitudefrequency-dependence parameter, indicate a slight increase from 0.7 to 0.8 in 1968e2007, implying that the seismicity including glacial events around Greenland have become slightly higher during the last four decades (Kanao et al., 2012) . The detection, enumeration, and identification of smaller glacial earthquakes are limited by the propagation distance to globally distributed stations of GSN. Glacial earthquakes have been observed at stations within Greenland, but the coverage has been very sparse. In order to define the fine structure and detailed mechanisms of glacial earthquakes, a broadband, real-time network needs to be established throughout the ice-sheet and its perimeter.
Deep interiors and global networks
From a timeline of the number of seismic stations reporting to the International Seismological Centre (ISC) in the Arctic during the last fifty years, more than 17,000 stations have been operated over the whole globe, including more than 1000 stations in the Arctic. The number of stations in the Arctic has increased with time over the last half century by almost ten times compared with the number in 50 years ago. In 2010, 6711 stations worldwide including 461 in the Arctic were reporting. Existing permanent seismic stations allows resolution of the structure beneath the Arctic is sufficient to detect fundamental differences in the lithosphere beneath continents and oceans, however, cannot clearly define the structure within each tectonic terrain. In addition, seismicity around the Arctic is limited by the sparse station distribution and the detection level for earthquakes and remains inadequate for full evaluation of tectonic relating seismic activity. Therefore, an enhancement of the deployments of permanent stations in the Arctic could provide an opportunity for contribution to global Earth science, not only for local or regional research. The obtained data are eventually sent to global data systems such as GSN. Deep seismic studies by active sources would lead to detailed achievements for the target areas.
The presently revealed crustal architecture and formation mechanism of super-continents and their relationship to the development of super-plumes are also related to our knowledge of Figure 8 . (a) A distribution map of the permanent GSN stations in the Arctic region (red color; data compiled from IRIS/DMS and PASSCAL). Distribution of teleseismic event numbers at each location in the Arctic counted from a list including earthquakes with magnitude greater than or equal to 5.5 in the period of 1990e2004, for the different hypocenter distance ranges (indicated by green color). (b) 40 e60 , (c) 60 e90 , (d) 145 e160 and (e) 160 e180 , respectively. Gray contour scales indicate the accumulated earthquake numbers that are counted at each location using an earthquake list for the period in 1990e2004.
the structure, and dynamics of deep interior of the Earth. Any scales of heterogeneity, anisotropy at the Core-Mantle Boundary (CMB) and the overlying D 00 layer helps us to accumulate the knowledge of the chemical and physical interactions between the Core-Mantle boundary and deeper interiors of the Core. The up-and downwelling processes of super-plumes in the mantle beneath Arctic, in particular for the Eurasia continent, has a great deal of significance to obtain clear information on mantle dynamics and the development of super-continents. By using the accumulated data from bi-polar regions, it is expected that further achievements in the study of the Earth's deep interior, the shallow part of the Earth, as well as the physical interaction between solid Earth and overlying multi-spheres (cryosphere, ocean, and atmosphere).
An open collaboration creates a foundation welcoming other international interest and participation, not only for seismological monitoring at the Greenland's ice sheet, but also for other observations using the infrastructure being developed. The International Polar Year (IPY 2007e2008) was a great opportunity to initiate the new program by international collaboration. Continuous digital records from GSN and their precursor networks extend back more than 40 years, and hence open up the possibility of using seismic data to investigate climate change. A new monitoring network such as in Greenland (the Greenland Ice Sheet Monitoring Network (GLISN); Dahl-Jensen et al., 2010; Clinton et al., 2014) significantly increases coverage in the surroundings of the Arctic. The GLISN has also a principle role in the Sustaining Arctic Observing Network (SAON) of the International Arctic Scientific Committee (IASC) under the International Council for Science (ICSU). Additionally, another large IPY-endorsed program was the 'Polar Earth Observing Network' (POLENET; Wilson and Bell, 2011) which aimed to establish a geophysical network to cover a whole Antarctic continent as well as Greenland, and Lapland as the Arctic domain.
The seismic data compiled in POLENET are being used to clarify the heterogeneous structure of the Earth, particularly in the Antarctic region, by studying the crust and upper mantle and the Earth's deep interiors. Fig. 8a represents a distribution of the permanent GSN stations in the Arctic together with hypocenters in the northern hemisphere. These data are compiled from IRIS/DMS and PASSCAL and hypocentral data are collected in 1990e2004. Fig. 8b ,e demonstrates the distribution of teleseismic event numbers at each location in the Arctic counted from a list including earthquakes with magnitude greater than or equal to 5.5 in the period of 1990e2004, for the different hypocenter distance ranges. For example, the hypocentral distance range from 60 to 90 would be especially suitable for the observation of the D 00 reflected phases, SdS as well as the core reflected phases of ScS and PcP. The longer hypocentral distances over 145 , moreover, would be appropriate for the observation of the core diffracted phases of Pdiff, and Sdiff, and the core phase of SKS. Mapping of observable seismicity for the individual epicenter distance groups has a merit to figure out the sufficient coverage to utilize the regional and teleseismic events for the study on deep interiors of the Earth. In addition to conventional seismological research targets (structures of the crust, mantle and core), the seismic stations developed at the IPY can be utilized for monitoring geographical variations in climate indicators, as the legacy of IPY and beyond.
Conclusion
In this paper, an overview of the structure and tectonics of the Arctic is demonstrated by incorporating recently deployed seismic approaches and detailed seismicity of the region. The relationship between seismicity and geodynamic processes in the Arctic are summarized, as well as how these investigations are fruitfully influencing on the surface ongoing dynamics of the Earth among global environmental variability. In particular, the Eurasian continent is largely focused in wide areas of Siberian Arctic, Baikal Rift Zone and the Far East. Though the majority areas of the Arctic are occupied by relatively stable continents, the tectonic history reveals distinct variations during the formation of the present landscapes and crustal structure. A variety of tectonic settings are present in the Arctic such as the collision zones at the plate boundary, deformed areas inside the continents, mantle plumes, rift systems, and so on. On the other hand, one of the remarkable founding is the glacial earthquake activities nearby the Greenland involving global warming. In addition, micro-seismic and volcanic monitoring has now been carried out including at the bottom of the Arctic Ocean. A continuous accumulation of the Arctic data from global networks could definitely contribute to the development of high space resolution analysis, the understanding of the deformation and uplift mechanism involving seismicity, the formation processes of the super-continents, and the bedrock topography and geological structure underneath the ice-sheet, in many parts of the polar region. A complete view of global tectonics could be achieved by advancing inter-disciplinary research in the Arctic, in particular at the Eurasian continent and Greenland. The Arctic is, without doubt, one of the frontiers that remain at present to human beings, and also the place which has a crucial role to clarify the tectonic history and currently ongoing variations on the Earth's surface.
